Objective: Angiotensin II is an endogenous hormone with vasopressor and endocrine activities. This is a systematic review of the safety of IV angiotensin II. Data Sources: PubMed, Medline, Scopus, and Cochrane. Study Selection: Studies in which human subjects received IV angiotensin II were selected whether or not safety was discussed. Data Extraction: In total, 18,468 studies were screened by two reviewers and one arbiter. One thousand one hundred twenty-four studies, in which 31,281 participants received angiotensin II (0.5-3,780 ng/kg/min), were selected. Data recorded included number of subjects, comorbidities, angiotensin II dose and duration, pressor effects, other physiologic and side effects, and adverse events. Data Synthesis: The most common nonpressor effects included changes in plasma aldosterone, renal function, cardiac variables, and electrolytes. Adverse events were infrequent and included headache, chest pressure, and orthostatic symptoms. The most serious side effects were exacerbation of left ventricular failure in patients with congestive heart failure and bronchoconstriction. One patient with congestive heart failure died from refractory left ventricular failure. Refractory hypotensive shock was fatal in 55 of 115 patients treated with angiotensin II in case studies, cohort studies, and one placebo-controlled study. One healthy subject died after a pressor dose of angiotensin II was infused continuously for 6 days. No other serious adverse events attributable to angiotensin II were reported. Heterogeneity in study design prevented meta-analysis. Conclusion: Adverse events associated with angiotensin II were infrequent; however, exacerbation of asthma and congestive heart failure and one fatal cerebral hemorrhage were reported. This systematic review supports the notion that angiotensin II has an acceptable safety profile for use in humans. (Crit Care Med ; 45:1285-1294 Key Words: aldosterone; angiotensin II; mean arterial pressure; renin-angiotensin system; safety A ngiotensin II (ATII) is a naturally occurring octapeptide hormone component of the renin-angiotensin-aldosterone system (RAAS) and is a potent
vasoconstrictor (1) . ATII has important roles in cardiovascular, neurologic, and renal physiology, including maintenance of blood pressure, thirst sensation, response to the baroreceptor reflex, determination of renal blood flow and glomerular filtration rate, and electrolyte and free water homeostasis (2) . ATII has also been implicated as a contributor to pathophysiology in certain conditions. Effects on myocardial structure, particularly adverse remodeling in the setting of congestive heart failure, which are mediated through a variety of receptors and mechanisms, are well described (3) .
Since 1941 (4), ATII has been administered to humans in studies of vascular resistance and hypertension and has been given to healthy subjects for up to 11 days (5, 6) . In the mid1960s, IV ATII was widely administered to pregnant women in an attempt to identify those at risk for preeclampsia (7, 8) . IV ATII has also been administered to patients with a broad range of medical conditions, including cardiovascular, renal, hepatic, and pulmonary diseases, endocrine and metabolic disorders, and traumatic injuries and shock. ATII has also been administered to children with cancer (9) , septic shock (10), and congenital cardiac shunts (11) .
ATII has been studied in combination with catecholamines, antihypertensives, anesthetics and analgesics, prostaglandins, indomethacin, and corticosteroids. IV ATII safely restored mean arterial pressure in patients with catecholamine-refractory hypotension following angiotensin converting enzyme (ACE) inhibitor overdose (12) (13) (14) . A number of case reports and studies reported the successful use of ATII in the treatment of vasopressor-resistant hypotensive septic shock (10, (15) (16) (17) (18) . A randomized, placebo-controlled pilot study evaluated the use of ATII infusion in high-output shock and showed a decrease in norepinephrine doses in patients receiving ATII (19) .
IV ATII has been shown to exacerbate only two underlying diseases, asthma (20) and congestive heart failure (21) . In patients with mild asthma, IV ATII has the capacity to worsen bronchospasm induced by methacholine (22) but not by histamine (23) ; previous studies, however, have documented safe use in patients with chronic obstructive pulmonary disease (24) . ATII was noted to exacerbate left ventricular failure when administered to three patients with acute congestive heart failure (21) .
Further interest in the use of IV ATII to treat a variety of conditions is likely to grow. To date, there has been no comprehensive documentation of adverse effects associated with administration of exogenous ATII to humans. This systematic review describes the nature, severity, and prevalence of side effects reported in the literature.
METHODS

Search Method
We performed a comprehensive literature search on PubMed, Medline, Scopus, and Cochrane to identify studies that involved IV infusion of ATII in human subjects, initially using the key terms, "IV administration," "IV injection," or "IV infusion" combined with "ATII." Further searches without the "IV" criterion (i.e., "ATII," filtered to exclude animal and in vitro studies) were conducted to ensure that the search was complete; search results were reviewed and references with non-IV use were discarded. Accepted articles were limited to primary studies of human participants written in the English language. Articles were added to the citation manager, and duplicates and review articles were discarded. Two reviewers (D.M.C., D.Y.) assessed satisfaction of inclusion criteria by abstract review prior to retrieving the full-length article. An additional reviewer (L.W.B.) assessed for appropriateness of including the article in the analysis.
Inclusion and Exclusion Criteria
Studies in which human subjects received IV administered ATII were included whether or not side effects or complications were noted. Side effects were defined as measureable physiologic effects that were unintended or incongruous with the pressor effects of ATII. Adverse events (AEs) were those referred to as such by the authors or described as untoward effects, complications, or symptoms reported by subjects. Exclusion criteria were intentionally minimal and included lack of human subjects, non-IV dosing, or insufficient data on the effect of ATII. Either of two synthetic forms with similar biological activity (6), ile5-ATII identical to the human sequence or val5-ATII amide based on the bovine sequence, was used in most of the studies cited herein; the source or sequence was not identified in others. Studies of other analogs were excluded.
A number of subjects identified by comparisons of authors, chronology, baseline characteristics, and treatments were apparently reported in more than one article but have been counted only once in summaries of number of subjects exposed.
Analysis
After abstract review, full-text articles were retrieved for all relevant studies and analyzed for the physiologic effects, AEs and serious AEs of ATII. Studies were grouped according to the target organ system. Two separate reviewers (D.M.C., D.Y.) extracted the number of subjects, dosages of ATII, any concurrent drug administration, the type of study, and patient comorbidities. A third reviewer (L.W.B.) verified the information.
RESULTS
Study Characteristics
The initial search yielded 18,468 studies. After application of exclusion criteria, 1,124 studies were suitable for analysis (complete reference list in Supplemental Content 1, http://links.lww. com/CCM/C617). These studies, published from 1941 to 2016, encompassed a total of 31,281 subjects who were administered ATII IV at infusion rates ranging from 0.05 (25) to 3,780 ng/kg/ min (26) . The majority of subjects received less than or equal to 30 ng/kg/min or a bolus injection of a few micrograms. The highest reported doses were administered in the following settings: one patient with pancreatic cancer (3,780 ng/kg/min) (26); 32 adults with sepsis, systemic inflammatory response syndrome, or liver failure (maximum, 1,600 ng/kg/min; mean, 550 ng/kg/min) (17) ; two children with septic shock (doses of 160 and 800 ng/kg/min, respectively) (10); seven normal volunteers (100 ng/kg/min) (27) ; six children with cancer (up to 80 ng/kg/min) (9); and 43 pregnant women (up to 64 ng/kg/ min) (7) . The duration of infusion was generally minutes to hours although one study applied continuous infusion of ATII at pressor doses for up to 11 days (5) . Approximately 10% of studies entailed infusion of ATII into a brachial, coronary, or hepatic artery; these studies are not included in this report.
Studies were categorized according to the primary organ system of interest, including cardiovascular (471 studies, 13,993 subjects), endocrine (226 studies, 3,605 subjects), renal (211 studies, 5,924 subjects), reproductive systems/pregnancy (71 studies, 3,278 subjects), gastrointestinal (80 studies, 3,509 subjects), pulmonary (15 studies, 167 subjects), neurologic (26 studies, 460 subjects), hematologic and immune (10 studies, 117 subjects), and other organ systems (three studies, 43 subjects). Eleven studies reported use of ATII with chemotherapy in 185 patients with solid tumors.
Frequency of Physiologic and Side Effects of ATII
Following the availability of synthetic ATII, studies in the early 1960s documented the following rapid physiologic changes with IV administration: increased systemic blood pressure, increased pulmonary arterial and wedge pressures (without change in ventilatory function), reduced heart rate and cardiac output, decreased peripheral blood flow, decreased renal blood flow and glomerular filtration rate, reduction in sodium and water excretion, and increased plasma aldosterone (5, (28) (29) (30) (31) (32) (33) (34) . These studies also established that patients with cirrhosis and ascites were less sensitive to the pressor effects of ATII and had a paradoxical renal response of natriuresis and diuresis compared with healthy subjects (5, 33) .
Among all studies, the most commonly cited physiologic effect of ATII was elevation of blood pressure, which was reported in the majority of studies. The acute pressor effect of ATII is shown for 34 representative studies that illustrate relationships between ATII dose and the magnitude of the pressor response (Supplemental Content 2, http://links.lww. com/CCM/C618). Doses eliciting a blood pressure increase of at least 5% ranged from 0.5 to 75 ng/kg/min. The most commonly cited nonpressor effects of ATII included altered renal function, increased plasma aldosterone and other changes in RAAS, other endocrine perturbations, and alterations of electrolyte balance. Increased plasma aldosterone was reported in 182 studies using ATII doses from 1 to 20 ng/kg/min; comprehensive references and details for representative studies that illustrate dose-response relationships are in Supplemental Content 3 (http://links.lww.com/CCM/C619).
Effects of ATII by Organ System
Discussions of ATII activities specifically related to the cardiovascular, endocrine pulmonary, renal, hematologic, immunological, and neurologic systems, as well as discussions relating to oncology and pregnancy are provided in Supplemental Content 4 (http://links.lww.com/CCM/C620).
Summary of AE Data
The majority of studies analyzed herein were not prospectively designed to collect safety data. Accordingly, of the 1,124 studies included in this analysis, 982 studies did not mention safety and 75 studies variably reported that there were no complications, AEs, side effects, or patient-reported subjective feelings or symptoms. Eight studies reported ATII dose reductions or discontinuations due to excessive pressor responses. The remaining 59 studies reported the AEs listed in Tables 1 and 2 . The most common symptoms (reported in ≥ 2 studies) were headache, sensation of chest pressure/tightness, dyspepsia/ nausea, bradycardia, and orthostatic hypotension/dizziness. One occurrence of headache was characterized as severe (32) . Patients with mild asthma reported cough or chest tightness (20) . ATII was noted to exacerbate the left ventricular failure when administered to three patients with acute congestive heart failure (21). Frequent or severe gastrointestinal AEs occurred only when ATII was coadministered with chemotherapy (9, 35) .
Among 192 pregnant teenaged girls monitored for ATII sensitivity during pregnancy, 72 developed preeclampsia including two who had complications at delivery (one stillbirth with placental abruption and one seizure following delivery of a healthy infant) (36) . These events occurred 6 and 12 days after the last ATII infusion, respectively. No AEs or pregnancy complications were reported for the 120 girls who remained normotensive during pregnancy.
A placebo-controlled study of ATII in the treatment of severely ill patients with catecholamine-resistant shock reported the following AEs in the ATII group (n = 10) but not in the placebo group (n = 10): alkalosis (four patients); hypertension (two patients); atrial fibrillation (two patients); and wheezing (one patient) (19) . The 30-day mortality rate was similar for the ATII and placebo groups (50% vs 60%; p = 1.00).
In an early study of the effects of prolonged ATII infusion, a death in a 36-year-old healthy subject after 6 days continuous infusion of a pressor dose of ATII (1.5 µg/min to maintain blood pressure at approximately 150/100 mm Hg) occurred following a cerebral hemorrhage during straining at stool (5). The subject experienced sodium retention over the first 5 days of ATII infusion (net +265 mEq) followed by "escape" on day 6 with sodium excretion of 127 mEq/d compared with 2 mEq/d on day 2. A few minutes before the event, blood pressure was 180/100 mm Hg. One patient with preinfusion symptoms of acute heart failure expired after he experienced a decline in cardiac output, which was not restored despite the initiation of IV norepinephrine (21) . Upon initiation of ATII infusion, this patient experienced no pressor effect, a decline in cardiac output of 12%, and a decrease in systemic vascular resistance of 9.6%.
The only other deaths reported after ATII administration were associated with preexisting septicemia or shock, or (Continued) occurred months after ATII was infused alongside chemotherapy in patients with inoperable cancer (35, 38) . Among patients with one or more categories of distributive shock diagnosed (or inferred based on reported clinical information), 55 deaths occurred (16, 17, 19, (39) (40) (41) (42) (43) (44) . However, the reported deaths were not attributed to use of ATII.
DISCUSSION
Overall, 31,281 participants have been exposed to IV ATII in the studies reviewed including healthy normotensive subjects, normotensive and preeclamptic pregnant women, subjects with hypertension, congestive heart failure, diabetes, solid tumors, and other comorbidities, critically ill patients, and children. Excluding subjects with refractory shock and oncology patients receiving ATII with chemotherapy, there have been two deaths and fewer than 300 subjects with AEs reported. There were two deaths not linked to sepsis, shock, or cancer. One case involved a cerebral hemorrhage in a 36-year-old healthy volunteer receiving a continuous infusion of ATII for 6 days with associated sodium retention and sustained hypertension. The other case involved fulminant left ventricular failure in a patient with preexisting acute decompensated heart failure. Since these studies, both published in 1965, studies in healthy subjects have generally used infusions of much shorter duration. In one study of five healthy volunteers, a continuous infusion of ATII at 2 ng/kg/min was maintained for 66 hours with additional incremental dose challenges on days 1 and 3; with that, sodium and potassium balances were stable and no AEs were reported (6) . Beyond the cerebrovascular event and the left ventricular failure, there is no documentation of exogenous ATII association with serious AEs or morbidities, although exacerbation of existing asthma or congestive heart failure remains a potential risk. Two adverse outcomes were reported during pregnancy, placental abruption and eclampsia, but both occurred well after both patients received ATII infusions (6 and 12 d, respectively, postinfusion) and were thus The authors also reported that subcutaneous infiltration of ATII in two subjects caused "no local reaction of tissue. " BAY 10-6734 is also known as "embusartan. " N represents number of subjects exposed to ATII; n represents number of subjects experiencing the AE. Shock (9) and NT volunteers (32) Fatal cerebral vascular accident during shock (1) Fatal toxic hepatitis with acute liver necrosis (1) Norepinephrine (2) 
Supraventricular (1) or ventricular (3) tachycardia
First degree A-V block (6) P-wave changes (7) Ischemic changes in ST segments (8), with T wave inversion (3/8)
Bradycardia and nodal rhythm (1) Headache (5) Flushing of face (2) Tachyphylaxis (8) Thrombophlebitis (1) Metasensitivity ( Acidosis (2) Alkalosis (4) Worsening respiratory failure (1) Wheezing (1) Hypertension (2) Hypotension (2) Atrial fibrillation (2) Decreased urine output (3) Worsening multiple organ system failure (2) Fujii et al (9) Children with inoperable or recurrent tumors (6) Headache (2) (avoided if pressure raised slowly)
Chest discomfort (2) Nausea and vomiting (4) Bone marrow suppression (3) 2-8 chemotherapy agents
Kato et al (1993) b Recurrent tumors after radiation therapy (41) Nausea (1) Severe headache (1) Oral mucositis and esophagitis (1); decreased urine output (1); worsening acute kidney injury (2); and worsening multiple organ system failure (3) . No subjects in the ATII group experienced worsening acute kidney injury and no subjects in the placebo group experienced acidosis, wheezing, hypertension, or atrial fibrillation. N represents number of subjects exposed to angiotensin II; n represents number of subjects experiencing the adverse event. unlikely to be related to ATII. Reports of other AEs were limited. Among the relatively few studies that reported AEs, transient headache (26 studies) and abnormal chest sensations (10 studies) were reported most frequently. A period of orthostatic hypotension following discontinuation of ATII infusion was reported in several studies, suggesting that dose tapering might minimize symptoms. Our review is limited by the heterogeneity of study design, which precluded formal meta-analysis or calculation of integrated AE rates. Studies differed in objectives; inclusion/exclusion criteria, comorbidities, and baseline characteristics; ATII amino acid sequence, dose, and duration; endpoints; and the collection of AE data. Most studies were designed to understand the physiologic changes induced by exogenous ATII and did not prospectively collect safety data. Hence, the data reported herein are obtained from a limited subset of included studies, which could represent a reporting bias. Additionally, there was no standard terminology for patient-reported symptoms.
Most of the studies used one of two synthetic forms of ATII, an amide derivative of the bovine amino acid sequence or an acetate salt of the human sequence. The human form showed greater pressor activity than the bovine form in one comparative study (45) , but pressor and aldosterone-stimulating activities were similar in other limited comparisons (46, 47) . No studies have directly compared the safety of the two forms in humans. Finally, although multiple broad search terms were used, there is a possibility that we may have missed relevant articles, including those in languages other than English.
ATII administered IV equilibrates rapidly in the circulation and has a half-life in plasma of approximately 1 minute or less (48, 49) . Pharmacodynamics is such that blood pressure increases within minutes, is sustained at a fixed infusion rate, and returns to preinfusion values within minutes after cessation of the infusion (50) . As such, direct links between dosages and changes in organ system responses could not be obtained across all studies.
In general, dosages of 1-10 ng/kg/min in normotensive or hypertensive subjects were required to elicit systemic pressor responses of 10-30 mm Hg. The magnitude of the pressor response was variable between subjects for a given dose but was dose dependent when individuals were administered successive incremental doses. In the physiologic studies, ATII was typically infused for a few minutes to a few hours in both normotensive and hypertensive subjects. In studies evaluating hypotensive subjects, much larger therapeutic dosages (50-1,600 ng/kg/min) were administered for 1-7 days to achieve hemodynamic stabilization and included administration of other vasoconstrictors (norepinephrine, vasopressin). Safety risks under these two radically different scenarios are likely to be very different. The only placebo-controlled study designed to assess safety as well as efficacy in severely ill patients found a reduced norepinephrine requirement, low frequency of AEs, and similar mortality rates (19) .
These findings have important implications for clinical practice. ATII has demonstrated the ability to restore arterial pressure and reduce the need for potentially harmful doses of catecholamines in patients with refractory septic shock, improve natriuresis and diuresis in patients with liver failure, rescue subjects following ACE inhibitor overdose, and enhance chemotherapy delivery to solid tumors. Although a discussion of the efficacy of ATII is beyond the scope of this analysis, it should be noted that among patients included in this report with septic shock, catecholamine-resistant shock, ACE inhibitor overdose, and anesthesia-induced hypotension, outcomes seem to have been changed in a number of cases (10, 12-19, 21, 37, 51) .
To our knowledge, ATII formulated for clinical use is currently available for research purposes only and is not an approved therapy for any indication. (Angiotensin amide was previously marketed by Ciba-Geigy under the trade name Hypertensin for "states of shock and circulatory collapse.") A phase 3 study assessing the safety and efficacy of ATII in catecholamine-resistant hypotension is ongoing (NCT02338843, www.clinicaltrials.gov). Where current literature falls short is in establishing a safe therapeutic range, with minimal AEs, for the potential clinical applications of ATII.
In summary, ATII has multiple potential clinical applications, with the recent focus being its use as a rescue vasopressor in catecholamine-resistant high-output shock. Establishing the dose range and tolerability of ATII is of fundamental importance, and the data included herein indicate that IV ATII may be safe in a variety of clinical circumstances. Further prospective trials are needed to more completely establish the appropriate dosing and duration of therapy.
